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SUMMARY

This report describes methods and corresponding computer codes that are used to evaluate progressive damage

and fracture and to perform probabilistic assessment in built-up composite structures. Structural response is assessed

probabilistically during progressive fracture. The effects of design variable uncertainties on structural fracture pro-

gression are quantified. The fast probability integrator (FPI) is used to assess the response scatter in the composite

structure at damage initiation. The sensitivity of the damage response to design variables is computed. The methods

are general purpose and are applicable to stitched and unstitched composites in all types of structures and fracture

processes starting from damage initiation to unstable propagation and to global structure collapse. The methods are

demonstrated for a polymer matrix composite stiffened panel subjected to pressure. The results indicated that com-

posite constituent properties, fabrication parameters, and respective uncertainties have a significant effect on struc-

tural durability and reliability. Design implications with regard to damage progression, damage tolerance, and

reliability of composite structures are examined.

INTRODUCTION

Graphite/epoxy composite structures are used in the design of various structural components, such as aircraft

wing and fuselage structures, jet engine cowls, pressure vessels containment structures, and rocket motor cases. In

these applications, it is important to achieve low weight, high strength, stiffness, and safety. For a rational design, it

is necessary to quantify the damage tolerance of a candidate structure and the effects of scatter ranges of all design

variables on damage tolerance. The assessment of damage tolerance requires the capability to simulate the progres-

sive damage and fracture characteristics and to perform a subsequent probabilistic evaluation of composite struc-

tures under loading. The damage tolerance of a structure is quantified by the residual strength, that is, the additional

load-carrying ability after damage. Probabilistic assessment determines the probability level at which that residual

strength is achieved. Composite structures are well suited for designs with an emphasis on damage tolerance because
continuous-fiber composites have the ability to arrest cricks and prevent self-similar crack propagation. For most

fiber reinforcement configurations, cracks and other stress concentrators do not have as important an influence on

composites as they do on homogeneous materials. In addition, composites offer a multiplicity of design options:

numerous possible fiber orientation patterns, stitching, braiding, constituent material combinations, ply drops, and

hybridizations render a large number of possible design parameters that may be varied for an optimal design. Flawed
structures, metallic or composite, fail when flaws grow or coalesce to a critical dimension such that the structure

cannot safely perform as designed and qualified or catastrophic global fracture is imminent. In comparison with only

a few traditional materials, fibrous composites exhibit multiple fracture modes that initiate local flaws: hence, the
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simulationofstructuralfracturein fibrouscompositesmustinclude(1)allpossiblefracturemodes,(2)thetypesof
flawstheyinitiate,and(3)thecoalescingandpropagationoftheseflawstocriticaldimensionsforimminentstruc-
turalfracture.Thecomprehensivesimulationofprogressivefractureandprobabilisticassessmentpresentedhereinis
independentofstressintensityfactorsandfracturetoughnessparameters.Conceptsgoverningthestructuralfracture
simulationaredescribedinreference1.Basedontheseconcepts,computationalsimulationprocedureshavebeen
developedfor(1)simulatingdamageinitiation,progressivefracture,andcollapseofcompositestructuresand(2)
evaluatingtheprobabilityof structuralfractureintermsofglobalquantitiesthatareindicatorsofstructuralintegrity.
Thegeneralobjectiveofthisreportistobrieflydescribethesemethodsandtopresenttypicalresultsobtained.Spe-
cifically,thisreportdescribesacombinationofcomputationalsimulationandprobabilisticmethodsusedtoidentify
thesalientmaterialandstructuralparametersforareliabledesignwithdamagetoleranceconsiderations.

COMPUTATIONALSIMULATIONPROCEDURE

Theprogressivefractureofangle-plied,woven,stitched,andunstitchedcompositelaminatesissimulatedviaan
innovativeapproachindependentofstressintensityfactorsandfracturetoughnessparameters.Computationalsimu-
lationisabletoevaluatedamageinitiation,damagegrowth,andfractureincompositesundervariousloadingand
environmentalconditions.It hasbeenappliedtoinvestigatetheeffectsofcompositedegradationonstructural
response(ref.1),theeffectofhygrothermalenvironmentondurability(ref.2),damageprogressionincomposite
shellssubjectedtointernalpressure(ref.3),thedurabilityofstiffenedcompositeshellpanelsundercombinedload-
ing(ref.4),anddamageprogressioninstiffenedcompositestructuralcomponents(ref.5).

Computationalsimulationiscarriedoutbyanintegratedandopen-endedcomputercodeconsistingofthree
modules:compositemechanics,finite-elementanalysis,anddamageprogressionmodeling.Theoverallevaluation
ofcompositestructuraldurabilityiscarriedoutinthedamageprogressionmodule(ref.6)thattrackscompositedeg-
radationfortheentirestructure.Thedamageprogressionmodulereliesoncompositemechanics(ref.7)forcompos-
itemicromechanics,macromechanics,andlaminateanalysisandcallsafinite-elementanalysismodulethatuses
anisotropicthickshellelementstomodellaminatedcomposites(ref.8).Thecompositemechanicsmoduleiscalled
beforeandaftereachfinite-elementanalysis.Priortoeachfinite-elementanalysis,thecompositemechanicsmodule
computesthecompositepropertiesfromthefiberandmatrixconstituentcharacteristicsandthecompositelayup.

Thefinite-elementanalysismoduleacceptsthecompositepropertiesthatarecomputedbythecomposite
mechanicsmoduleateachnodeandperformstheanalysisateachloadincrement.Afteranincrementalfinite-
elementanalysis,thecomputedgeneralizednodalforceresultantsanddeformationsaresuppliedtothecomposite
mechanicsmodulethatevaluatesthenatureandamountoflocaldamage,if any,in thepliesofthecompositelami-
nate.Individualplyfailuremodesareassessedbythecompositemechanicsmoduleusingfailurecriteriaassociated
withthenegativeandpositivelimitsofthesixplystresscomponentsinthematerialdirections.Inadditiontothe
failurecriteriabasedonstresslimits,interplydelaminationduetorelativerotationofthepliesandamodifieddistor-
tionenergy(MDE)failurecriterionthattakesintoaccountcombinedstressesareconsidered(ref.7).Dependingon
thedominanttermintheMDEfailurecriterion,fiberfailureormatrixfailureisassigned.Thegeneralizedstress-
strainrelationshipsarerevisedlocallyaccordingtothecompositedamageevaluatedaftereachfinite-elementanaly-
sis.Themodelisautomaticallyupdatedwithanewfinite-elementmeshhavingreconstitutedproperties,andthe
structureisreanalyzedforfurtherdeformationanddamage.If thereisnodamageafteraloadincrement,thestruc-
tureisconsideredtobeinequilibrium,andanadditionalloadincrementisappliedleadingtopossibledamage
growth,accumulation,orpropagation.Simulationiscontinueduntilglobalstructuralfracture.

Thephenomenonoffractureincompositestructuresis furthercompoundedbecauseofinherentuncertaintiesin
themultitudeofmaterialproperties,structuralgeometry,loading,andserviceenvironments.Theeffectofalltypes
of uncertaintiesmustbedesignedin forsatisfactory,reliable,andaffordablestructures.Thevariousuncertaintiesare
traditionallyaccountedforviaknockdown(safety)factorswithagenerallyunknownreliability.Analternate
approachtoquantifythoseuncertaintiesonstructuralfractureistouseprobabilisticevaluationasfollows:(1)com-
putationallysimulatetheinitiationandprogressionofdamageincompositestructuresand(2)probabilistically
assesstheeffectofdesignvariableuncertaintiesonstructuralresponseafterdamageandfracture.Foraprobabilistic
evaluationofdamageandfractureprogression,anintegratedprobabilisticanalysiscode(ref.9)isusedinconjunc-
tionwithprogressivedamagesimulation.Theprobabilisticanalysiscodeconsiderstheuncertaintiesinmaterial
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properties, the composite fabrication process, and global structural parameters. The effects on structural fracture of

the uncertainties in all the relevant design variables are quantified. The composite mechanics, finite-element struc-

tural simulation, and fast probability integrator (FPI) have been integrated into the probabilistic analysis code

IPACS (Integrated Probabilistic Assessment of Composite Structures (ref. 9)). Contrary to the traditional Monte

Carlo simulation, FPI makes it possible to achieve orders-of-magnitude computational efficiencies that are accept-

able for practical applications. Therefore, a probabilistic composite assessment that cannot be done traditionally

becomes feasible, especially for composite materials and/or structures having a large number of uncertain variables.

Figure 1 shows a computational simulation cycle during a probabilistic analysis. A probabilistic analysis cycle

begins with defining uncertainties in material properties at the most fundamental composite scale (fiber-matrix con-

stituents). The material uncertainties are progressively propagated to those at higher composite scales (subply, ply,

laminate, and structural). The uncertainties in fabrication variables are carried through the same hierarchy. The dam-

aged and/or fractured structure state with ranges of uncertainties in design variables, such as material behavior,

structure geometry, supports, and loading, are input to the probabilistic analysis module. Consequently, probability

density functions (PDF) and cumulative distribution functions (CDF) can be obtained at the various composite

scales for specified structure responses, such as displacements, buckling, and frequencies. The sensitivities of these

design variables to specified structure responses are also obtained. Input data for probabilistic analysis are generated

continuously as progressive damage and fracture stages occur.

Component

Finite @ Finite

element element

Structural [--D---I _ ]] _-_ Structural

analysis _ _ _ _analysis
Loads, geometry,

A \ boundary conditions / n _.=----._ __

La_properties 7 __ _, Laminate response=__ ] //_]

Laminate _ _ Laminate

theory _ _theory

Ply properties _ r_// _"'-...T____ _) Ply response
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theory _\.\ Nonlinear _ theory

_ "_ material property C-¢ _ p
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properties \_.

P = f(o', T, _r) ¢r

Figure 1 .--Computational simulation cycle.
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APPLICATION TO COMPOSITE PANELS

A discontinuously stiffened panel of graphite-epoxy laminate is considered. The laminate consists of 16 plies

configured as [0/+45/90]s2 with a total thickness of 0.1 in. The specimen has a width of 13.0 in. and a length of
11.0 in. The 0° plies are oriented along the 11.0-in. direction and the 90° plies are oriented transverse to the 11.0-in.

direction. The finite-element model contains 626 nodes and 504 elements (fig. 2). The composite system is made of

IM-7 graphite fibers in a high-temperature 5250-4 bismaleimide matrix. The specific fiber properties from the

Z
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_lJ deflection is
v monitored

Finite-element model

0.1

0.2_ 1.5

J

Clamped --,

Simply supported --,
\

Skin
I

Toe
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........ _ .......... t/'-- Rotational restraint

/ about axis of
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Simply supported _1

1.0 __ 10.0 _'

11.0 _1
-r

Cross section and plan

Figure 2._tiffened composite panel. Material, IM-7/5250-4; plies, 16; configuration, [0/_+45/90]s2.
All dimensions are in inches.
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materials data bank are given in table I and the matrix properties are given in table II. The fiber volume ratio is 0.60

and the void volume ratio is 1 percent. The composite cure temperature is 400 °F and the use temperature is 70 °F.

The stiffened panel was fixed on all edges and was first subjected to a gradually increasing pressure applied

from the underside to the skin. Figure 3 shows deflections (at the stiffener web-panel juncture) with applied pres-

sure. Damage progression was computationally simulated as the loading was increased. The rate of increase in the

overall damage during composite degradation was used as a measure of the structural propensity for fracture. Fig-

ure 4 shows the simulated damage progression with increasing pressure. After the completion of a well-defined

damage growth stage, the state of damage remained constant until the ultimate load was reached. The elastic energy

accumulated in the stiffened panel is plotted in figure 5. The damage energy was computed as the work done by

pressure during the creation of structural damage. The rate of damage energy released per unit volume of damage

created (DERR) is plotted in figure 6. The DERR reached a distinct peak value during damage progression and then

descended to a minimum value corresponding to the damage tolerance pressure. Figure 7 shows a different measure

of structural degradation based on the cumulative energy exhausted as each damage mechanism was activated.

TABLE I,--1M-7 GRAPHITE FIBER PROPERTIES

Number of fibers per end .............................................................................. 12 000
Fiber diameter, in .................................................................................... 0.200× 10 -_

Fiber density, lb/in. _ ........................................................................................ 0.063

Normal modulus, psi
Longitudinal .......................................................................................... 42.3 x 10 _
Transverse ............................................................................................. 2.13 x i 0 n

Poisson's ratio

vt,_ ............................................................................................................... 0.356

v,__............................................................................................................... 0.267

Shear modulus, psi
G_,_ ....................................................................................................... 2,25x10 _

G:_ ....................................................................................................... 0.85x10"

Thermal expansion coefficient
Longitudinal ................................................................................. -0.55 x 10-_/°F
Transverse ...................................................................................... 0.56x 10-_/°F

Heat conductivity, BTU-in./hr/in._-/°F

Longitudinal ................................................................................................. 4.03
Transverse .................................................................................................. 0.403

Heat capacity, BTU/Ib/°F .................................................................................. O. 17
Strength. ksi

Tensile ........................................................................................................... 650

Compressive ................................................................................................. 637

TABLE II.--5250-_. HIGH-TEMPERATURE MATRIX PROPERTIES

Matrix density, lb/in. _ ................................................................................. 0.0457
Normal modulus, ksi ......................................................................................... 671

Poisson's ratio ................................................................................................. 0.70

Coefficient of thermal expansion ................................................... 0.288x10_/°F
Heat conductivity. BTU-in./hr/in.2/°F .................................................. 0.868x10 -'

Heat capacity, BTU/IbI°F ................................................................................ 0.25

Strength. MPa (ksil
Tensile ........................................................................................................ 13.1

Compressive ............................................................................................... 41.0
Shear ........................................................................................................... 20.0

Allowable strain

Tensile ........................................................................................................ 0.02

Compressive .............................................................................................. 0.05
Shear ........................................................................................................... 0.04

Torsional ..................................................................................................... 0.04

Void conductivity. BTU-in./hiTin.'-/°F .......................................................... 0.225

Glass transition temperature, °F ....................................................................... 572
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Figure 3.--Deflections with pressure. Material,
IM-7/5250-4; plies, 16; configuration, [0/_+45/90]s2.
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Static analysis indicated that a structural damage tolerance pressure of 26.7 psi caused local laminate fracture in the

skin of the panel adjacent to the discontinuous end of the stiffener. Significant characteristics of damage initiation

and progression may be itemized as follows:

1. Damage initiation occurred by ply transverse tensile fractures at a 10-psi applied pressure.

2. Plies subjected to longitudinal compressive stresses experienced longitudinal compressive fractures after

sustaining transverse tensile fractures.

3. Damage initiation began in the skin plies at the discontinuous end of the stiffener.

Table III summarizes the simulated damage initiation and progression stages.

TABLE III.IDAMAGE AND FRACTURE
PROGRESSION STAGES

Pressure,

psi

10 Initiation (a_:_,z,a_Hc)

15 Damage growth
17 Damage progression

20 Damage propagation
27 Laminate local fracture

29 Structural fracture

Damage stage Number of

damaged nodes

12

65
80

121

"215

_31

_Seven fractured.

_Thirty-one fractured.

PROBABILISTIC EVALUATION AFTER DAMAGE AND FRACTURE

The probabilistic analysis code (ref. 9) was used to characterize the damaged structural response before and

after through-the-thickness local laminate fracture. Panel deflections and ply longitudinal and transverse stresses

were probabilistically evaluated by considering uncertainties in design variables. Table IV shows the probabilistic
definition of the design variables with uncertainties.
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TABLE IV.--PROPERTIES OF VARIABLES WITH UNCERTAINTIES

Variable Distribution Mean Coefficient of

variation

Normal 20Pressure. psi
Fiber modulus, Msi

Er_ [

Er2 ,_

Gt2 __

Matrix modulus, E,,,. ksi

Poisson's ratio, v,_

Fiber volume ratio, I"_.

Ply thickness, in.
J,

42,3

2.13

2.25

671

.705

.60

.0063

0.10

.05

1.0

ii

ff 0.8
o
,m

o
e'-

,- 0.6
o

e_

0.4
"o
0_

0.2
E
-I

L)

0.0

Pressure, psi

20 Before fracture _/f/""

.... 27 After fracture_/

!....z" I
0.00 0.01 0.02

Deflection, in.

J
0.03

Figure 8.--Cumulative distribution function before and
after laminate fracture. Material, IM-7/5250-4; plies,
16; configuration, [0/_+45/90]s2.

RESPONSE CUMULATIVE DISTRIBUTION

The effects of constituent material property uncertainties on panel deflection at the damage site were computed

to assess the probabilistic response at the damage initiation stage. The CDF of the panel deflection was evaluated

before and after local laminate fracture. Figure 8 shows the CDF for the panel deflection at the laminate local frac-

ture initiation stage. The solid line in figure 8 represents the deflection response at a 20-psi normal pressure before

local laminate fracture, whereas the dashed line represents the corresponding response at 27 psi after local laminate

fracture. The mean value of the panel displacement at the damage location is 0.0175 in. prior to local laminate frac-

ture. After local laminate fracture, the mean displacement response at 27 psi increases to 0.0190 in. Also, the CDF

distributions before and after local laminate fracture have very similar characteristics. Therefore, the displacement

response is not significantly affected by local laminate fracture.

Figure 9 shows the CDF for the _ql longitudinal stresses in ply 13 (90 ° ply) at the laminate local fracture initia-

tion stage. The solid line represents the longitudinal stress response at the 20-psi normal pressure before local lami-
nate fracture, whereas the dashed line represents the response at 27 psi after local laminate fracture. The mean value

of the longitudinal stress at the damage location is -44 ksi prior to local laminate fracture. After local laminate frac-

ture, the mean longitudinal stress response at 27 psi decreases to -40 ksi. However, the longitudinal stress CDF dis-

tributions before and after local laminate fracture have very similar characteristics.
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Figure 10 shows the CDF for the G(2 2 transverse stresses in ply 13 (90 ° ply) at the laminate local fracture initia-

tion stage. The solid line represents the transverse stress response at the 20-psi normal pressure before local laminate
fracture, whereas the dashed line represents the response at 27 psi after local laminate fracture. The mean value of

the transverse stress at the damage location is 4.3 ksi prior to local laminate fracture. After local laminate fracture.

the mean transverse stress response at 27 psi decreases to 1.5 ksi. Therefore the transverse stress response is reduced

to near zero with some minor effects of the scatter ranges.

RESPONSE SENSITIVITY FACTORS

The sensitivity of the 0.001 and 0.999 cumulative probability for the deflection, longitudinal stress, and trans-

verse stress to uncertainties in the following design variables was evaluated:

(1) Pressure on skin of panel

(2) Fiber longitudinal modulus

(3) Fiber transverse modulus

(4) Fiber shear modulus

(5) Matrix elastic modulus

(6) Matrix Poisson's ratio

(7) Fiber volume ratio

(8) Ply thickness

Figure 11 shows the sensitivities of the displacement response at an applied normal pressure of 20 psi before local

laminate fracture. Figure 12 shows the sensitivities of the displacement response at an applied normal pressure of

27 psi after local laminate fracture. For both cases, namely before and after laminate local fracture, the applied nor-

mal pressure on the skin, fiber volume ratio, fiber longitudinal modulus, and ply thickness were the most significant

design variables that affected the deflection reliability. Additionally, the sensitivities of the deflection to fiber trans-

verse modulus, fiber shear modulus, matrix modulus, and void volume ratio were relatively negligible. These results
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Figure 11 .--Sensitivities of panel deflection before laminate fracture at applied normal pressure
of 20 psi. Material, IM-7/5250-4; plies, 16; configuration, [0/_+45/90]s2.
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established that ( 1) laminate local fracture does not affect the sensitivities of panel deflection to the design variables

and (2) panel deflection may be controlled by adjusting the applied normal pressure, fiber volume ratio, fiber longi-

tudinal modules, and ply thickness.

Figure 13 shows the sensitivities of the 13(11 longitudinal stress response at an applied normal pressure of

20 psi before local laminate fracture. Figure 14 shows the sensitivities of the 13_11 longitudinal stress response at an
applied normal pressure of 27 psi after local laminate fracture. For both cases, namely before and after laminate

local fracture, the applied normal pressure on the skin and ply thickness was the most significant design variable that

affected the o_i_ longitudinal stress. The influence of applied normal pressure was maximum at 0.999 probability
and the influence of ply thickness was maximum at 0.001 probability. Additionally, the changes in the sensitivities

of 13CNlongitudinal stress before and after laminate local fracture were slight. These results established that (1) lami-

nate local fracture has a relatively negligible effect on the sensitivities of the 13(11 longitudinal stress to the design

variables and (2) the oc] _ longitudinal stress may be controlled by adjusting the applied normal pressure and the ply
thickness.

Figure 15 shows the sensitivities of the 13(,22 transverse stress response at an applied normal pressure of 20 psi

before local laminate fracture. Figure 16 shows the sensitivities of the 13(22 transverse stress response at an applied
normal pressure of 27 psi after local laminate fracture. Before laminate local fracture, the order of sensitivity to de-

sign variables was (1) ply thickness. (2) applied pressure, (3) fiber longitudinal modulus, (4) matrix elastic modulus,

(5) fiber transverse modulus. (6) fiber volume ratio, and (7) Poisson's ratio of the matrix. After laminate local frac-

ture. the design variables that influenced the transverse stress response were (1) ply thickness, (2) applied pressure.

and (3) fiber longitudinal modulus. The sensitivity of the transverse stress response to the other design variables was

significantly diminished. These results established that (1) laminate local fracture has a very significant effect on the

sensitivities of the 13(22 transverse stress to the design variables and (2) the 13(22 transverse stress may be controlled
by adjusting the applied normal pressure, the ply thickness, and the fiber longitudinal modulus.

An important observation from the sensitivity factors is that the failure mechanisms that initiate local fracture

remain identical prior to and after local laminate fracture.

NASA/TM--1999-209269 12
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Figure 13._ensitivities of longitudinal stress _11 before laminate fracture at applied normal
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SUMMARY OF RESULTS

Methods and corresponding computer codes were briefly described to probabilistically assess composite struc-

tural damage and results obtained therefrom were presented. The progressive fracture of a composite structure was

simulated via an innovative approach independent of stress intensity factors and fracture toughness parameters. The

approach described herein is inclusive in that it integrates composite mechanics (for composite behavior) with finite-

element analysis (for global structural response] and incorporates probability algorithms to perform a probabilistic

assessment of composite structural fracture. The effect on the composite structural damage of the design variable

uncertainties was accounted for at all composite scales. The probabilistic scatter range and sensitivity factors are key

results obtained from the probabilistic assessment of composite structures subject to fracture. The sensitivity factors

provide quantifiable information on the relative sensitivity of structural design variables on the respective structure

response. The following results were obtained:

I. Damage initiation at a pressure of 10 psi is the result of ply transverse tensile fractures of the skin laminate
near the discontinuous end of the stiffener.

2. Plies subjected to longitudinal compression become vulnerable to fiber fractures after experiencing transverse
tensile fractures.

3. The 27-psi pressure that causes through-the-thickness local laminate fractures defines the damage tolerance

limit for the stiffened panel.

4. Deflections are most sensitive to uncertainties in the applied pressure, fiber volume ratio, fiber longitudinal

modulus, ply thickness, and matrix modulus.

5. Ply longitudinal stresses are most sensitive to uncertainties in the applied pressure and ply thickness.

6. Ply transverse stresses are most sensitive to uncertainties in the applied pressure, ply thickness, fiber longitu-
dinal modulus, matrix modulus, fiber transverse modulus, fiber volume ratio, and matrix Poisson's ratio.

7. Probabilistic evaluation of ply transverse stresses near a damaged node is significantly affected by local lami-
nate fracture.

8. The sensitivity factors for the responses evaluated remain identical before and after local laminate fracture.
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